In this paper, we present new experimental measurements of the turbulent transport of salt across an interface between two layers of fluid of equal depth but different salinities. The fluid is confined to a cylindrical annulus with a vertical axis. The outer cylinder is stationary and the inner cylinder rotates to produce a turbulent flow field consisting of an approximately irrotational mean azimuthal flow, with narrow boundary layers on the inner and outer cylinders. We focus on the limit of highRichardson-number flow, defined as Ri = g ρH/(ρ 0 u 2 rms ), where ρ 0 is a reference density, ρ is the time-dependent difference of the layers' mean densities, u rms is the root mean square of the turbulent velocity fluctuations and H is the layer depth. The mean flow has Reynolds number of the order of 10 4 -10 5 , and the turbulent fluctuations in the azimuthal and radial directions have root-mean-square speed of order 10 % of the mean azimuthal flow. Measurements based on our experimental system show that when the Richardson number is in the range 7 < Ri < 200, the interface between the two layers remains sharp, each layer remains well mixed, and the vertical flux of salt between the layers, F s ∼ (1.15 ± 0.15)Ri −1 A(H/∆ R )u rms S, where S is the spatially-averaged time-dependent salinity difference between the layers and in general A(H/∆ R ) is a dimensionless function of the tank aspect ratio, here taken to be unity, with ∆ R being the gap width of the annulus. The salt transport appears to be caused by turbulent eddies scouring and sharpening the interface and implies a constant rate of conversion of the turbulent kinetic energy to potential energy, independent of the density contrast between the layers. For smaller values of Ri, the flow regime changes qualitatively, with eddies penetrating the interface, causing fluid in the two layers to co-mingle and rapidly homogenize.
supply that can drive vertical mixing, a sustained deep thermohaline circulation can then develop (see Hughes & Griffiths 2008 for a recent review). The vertical mixing transfers heat downwards and salt upwards through the ocean; this maintains the vertical stratification as the deep, cold and saline water, formed by cooling of surface waters in northerly latitudes drives an upwelling back to the surface (Munk 1966; Munk & Wunsch 1998) .
The magnitude of the vertical mixing in the oceans is a critical ingredient in models of thermohaline circulation. Over the past 40 years, this has motivated many experimental, theoretical and field studies to investigate and parameterize the vertical fluxes of heat and salt in the ocean (Munk 1966; Turner 1968; Linden 1979 Linden , 1980 Osborn 1980; Fernando 1991; Munk & Wunsch 1998; Wunsch & Ferrari 2004; Ivey, Winters & Koseff 2008; Ferrari & Wunsch 2009 ).
An important branch of this endeavour has been the experimental study of mixing using small-scale laboratory tanks containing two layer or continuously stratified salt solutions. In many such experiments, the fluid has been mixed mechanically using horizontal grids which oscillate in the vertical direction (Turner 1968; Linden 1980; Zellouf, Dupont & Peerhossaini 2005) or vertical rods which oscillate in the horizontal direction (Park, Whitehead & Gnanadeskian 1994; Holford & Linden 1999; Whitehead & Stevenson 2007) to produce small-scale turbulence. The experiments have revealed that for small density contrasts or density gradients with a constant stirring or mixing rate, the flux of buoyancy (equivalent to the actual flux of salt) initially increases with the density contrast or gradient. However, for larger density contrasts, many experiments suggest that the flux of buoyancy falls off to progressively smaller values with increasing density contrast (Linden 1979; Fernando 1991) .
In this paper, we focus on mixing in a two-layer (of equal depth H ) stratified system with Taylor-Couette geometry. The experimental tank consists of an annular region with a stationary outer cylinder of radius R O and moving inner cylinder of radius R I (and hence with a gap width ∆ R = R O − R I ), which rotates with an angular rotation rate, Ω. With Re = ΩR 2 I /ν 1 (where ν is the kinematic viscosity of the experimental fluid) one may hypothesize that the salinity (or buoyancy) flux across the density interface depends primarily on (i) the layer aspect ratio A = H/∆ R and (ii) some appropriate 'Richardson number' Ri which, in a simplistic sense, provides a measure of the potential energy required for mixing compared to the kinetic energy available to drive the mixing and may be expressed in the form
where g is the acceleration due to gravity, u rms is the root mean square of the turbulent velocity fluctuations (c.f. Kato & Phillips 1969) , ρ 0 is a reference density, and ρ u and ρ l are the volume-averaged densities of the upper and lower layers, respectively. In a salt-stratified system, the volume-averaged density of layer i can be written in terms of the volume-averaged salt content of the layer S i using β the haline contraction coefficient:
However, given that the fluid has a two-layer structure, the transport may also depend on the Péclet number Pe = u rms H/D, where D is the molecular diffusivity of the salt. One can then write the salinity flux across the interface (per unit area) F s in the form
(1.3) using (1.1) and (1.2), where F(Ri, Pe, A) is a non-dimensional function which we may interpret as a flux coefficient. Since the flux of salt across the interface must equal the rate of change of the total salt content of the upper layer of the tank, it follows that we can relate the vertical transport of salt to the rate of change of the salinity difference between the two layers using 4) using (1.2). The factor of two in the right-hand side derives from the fact that S is the total difference in the salt content between the lower and upper layers, which are of equal depth, so that the rate of change of the salinity of the upper layer
Various models have been developed to describe this flux and its dependence on Ri and Pe, as informed by experiments (Linden 1979; Fernando 1991; Barenblatt et al. 1993; Balmforth, Llewellyn Smith & Young 1998) . In many papers on this topic, the quantity Fu rms is in fact described as the 'entrainment velocity' across the interface and various models have been proposed for the quantity F(Ri, Pe, A), which in this interpretation is known as an entrainment coefficient (Turner 1968) .
Indeed, models for penetrative entrainment of fluid from the opposite layer (when the Richardson number is sufficiently small) have been proposed based on wave breaking across the interface engulfing fluid from the opposite layer (as shown schematically in figure 1a ). This leads to the formation of a deepening zone of intermediate density, in accord with a theoretical picture of turbulent diffusion (e.g. Barenblatt et al. 1993; Balmforth et al. 1998) . In contrast, if the flow has a large Richardson number, the stratification impedes the vertical motion at the interface, and the eddies near the interface become anisotropic with dominantly horizontal motion (Fernando & Long 1988) . In this situation, the turbulent flow acts to scour and sharpen up the interface, thereby enhancing the flux across the interface, as shown schematically in figure 1(b) (c.f. Fernando & Long 1988) .
The transition between these regimes is strongly nonlinear, with an intermediate regime in which there may be some penetrative entrainment and some enhanced diffusive flux (Turner 1968; Crapper & Linden 1974; Linden 1979 ). Many of the experimental studies on turbulent mixing have used vertically oscillating grids in each layer of fluid arranged so that neither grid penetrates the interface (Turner 1968) , but there have also been studies which use a horizontally oscillating vertical rod (Park et al. 1994) . Such flows typically have Re ∼ O(100) − O(1000), and measurements of the buoyancy flux across the interface suggest that F(Ri, Pe, A) ∼ Ri −n G(Pe), where n varies from 1 to 3/2 with experiments also suggesting a dependence on the Péclet number G(Pe) for sufficiently small Péclet numbers, in which case n = 3/2 (Turner 1968; Crapper & Linden 1974; Zellouf et al. 2005) . Less attention has been given to the dependence on the tank aspect ratio, A. In contrast to these models, in a stratified ocean with background currents, wind stress and tidal motions producing the turbulent mixing, the velocity profile and turbulence may be anisotropic with much stronger motion along than across isopycnals (Gargett 1989; Wunsch & Ferrari 2004; Ferrari & Wunsch 2009 ).
It is, therefore, reasonable to suppose that such anisotropic turbulence is different from grid-generated turbulence, especially with a vertically oscillating grid; indeed, with high Reynolds numbers it might be expected that to leading order the interfacial flux is independent of the molecular properties of the fluid, so that we can write
(1.6) Kato & Phillips (1969) examined the mixing across a density interface in an annular tank, with a vertical axis, driven by a surface stress. They found F(Ri, Pe, A) ∝ Ri −1 , which is consistent with (1.6). However, the driving mechanism in their experiments induced a non-trivial shear at the interface with the lower quiescent fluid, so the mixing was influenced by the large-scale shear flow dynamics rather than purely by the local turbulence of the flow.
By using a Taylor-Couette system with an inner rotating cylinder and an outer stationary cylinder at high Reynolds number, it is however possible to generate a turbulent flow field in a two-layer stratified fluid without internal localized stirring mechanisms or significant large-scale shear developing at the interface (Guyez, Flor & Hopfinger 2007) . The present work builds on this concept with a series of new experiments to examine how the interfacial flux varies with Richardson number in the range 7 < Ri < 200 in a high-Reynolds-number flow, 10 4 < Re < 10 5 . In § 2, we briefly describe our experimental method, which then leads us to a description of our experimental results. In § 3, we interpret these results, particularly in the context of previous work, and we draw some conclusions.
Experiments
2.1. Experimental method To generate turbulent mixing throughout the fluid column in a two-layer stratified fluid without an internal stirring mechanism, we used a large cylindrical annulus of fluid with a vertical axis. The fluid had a depth of 39 cm, the inner cylinder had radius R I = 10.1 cm and the outer cylinder had radius R O = 24.3 cm. The tank was filled with two layers of fluid, each of depth 19.5 cm, with the lower layer being of higher salt concentration and hence higher density than the upper layer. The upper fresh layer was then added very slowly through a floating boat with a sponge base to suppress any downward vertical momentum, so that the fluid could spread out laterally and minimize vertical mixing. Indeed, conductivity probe data suggest that the initial interface zone across which the density varies significantly was small, typically of the order of a few mm to 1 cm. We believe that this initial mixing is probably still dominated by the momentum of the supply fluid, since on the 1-2 h long time scale of setting up the experiment, the diffusive interface would only spread a distance of the order of 1 mm. Once any transient motion had decayed, the inner cylinder was set in motion at a constant rotation rate, in the range 1-4.2 rad s −1 and the outer cylinder was fixed. The experimental set-up is shown schematically in figure 2(a). During each experiment, vertical salinity profiles were measured continuously using a conductivity probe on a vertical traverse. The time scale for the traverse to profile the fluid in the tank is of the order of 30 s which is short compared to the time scale of 10 min to 10 h over which the density evolves, and yet relatively long compared to the rotation period of the cylinder (which was of the order of a few seconds). In some experiments, dye streaks were added to each layer in the tank, to help visualize the flow and mixing. This established that each layer rapidly became well mixed, on a time scale comparable to a rotation period of the inner cylinder, while the inter-layer mixing was much slower (as shown in figure 2b ). There was no evidence of any enhanced flux of dye across the interface near the rotating inner cylinder.
In addition to measuring the evolution of the conductivity profile with time, we also carried out some experiments using particle image velocimetry (PIV) to measure some of the properties of the flow field. In these experiments, 0.2-0.25 mm size particles of pliolite, with specific density 1.02, were added to the fluid, and their motion was tracked by video. Particles of this size were chosen since they are both large enough to observe straightforwardly and small enough to have negligible inertia within the flow. Also their fall speed is negligible compared to the background flow speed within the tank. Provided the plane of observation was greater than 1-2 cm from the density interface, variations of refractive index due to density fluctuations were sufficiently small not to affect our measurements, essentially because the layers remained so well mixed throughout the bulk of the flow evolution. Then we used the DigiFlow system (2.2) between the lower and the upper layers as a function of (scaled) timet during the experiment shown in (a). The times at which the profiles plotted in (a) were taken are marked with solid circles in (b). (c) Variation of the time rate of change of the density difference contrast d/dt( ρ/ρ 0 ) ( ρ being defined in (1.1)) with the dimensional rotation rate. The best fit power-law is 10 −6.059 Ω 3.093 , as plotted on this log-log plot, and is independent of the particular value of the salinity difference S.
to calculate the mean and standard deviation of the velocity field from these particle trajectories.
Experimental results

Evolution of the salinity field
A series of experiments were conducted using a range of rotation rates, with a range of initial density contrasts between the layers of up to the relatively large value of 20 % by weight salt concentrations. We first illustrate the typical evolution of the vertical salinity profile with time and then present an analysis of the data in terms of the flux of salt transferred between the layers as a function of time and rotation rate. Figure 3 (a) illustrates the non-dimensional salinityŝ(ẑ, t) (or equivalently the nondimensional densityρ(ẑ,t)) defined aŝ
where S(z, t) is the salinity measured by the conductivity probe, S u (0) and S l (0) are the initial salinities of the upper and lower layers, respectively, the dimensionless depth is defined as the depth measured above the base as a fraction of the total depth of the tank, 2H , where H is the depth of each of the fluid layers, and time is non-dimensionalized with the rotation rate. There is a sharp density interface at the centre of the tank,ẑ = 0.5, throughout most of the experiment, with each of the upper and lower layers being approximately well mixed. The observations and data suggest that with sufficiently large salinity and hence density contrast between the layers, there is little direct large-scale exchange of fluid between the layers. Instead, the interface remains well defined and relatively sharp as turbulent eddies sweep past and scour the interface, consistent with experiments in which dye was added to one or other of the layers. Since there is some azimuthal structure in the turbulent flow and hence salinity field, the variations in the vertical traverses from one time to the next do not necessarily balance. In contrast, for small density differences, turbulent eddies are able to penetrate the interface leading to substantial entrainment and transport of fluid across the interface. As a result, large fluctuations in the density appear above and below the interface, and the vertical mixing of fluid across the interface leads to a breakdown of the two-layer stratification.
During the vast majority of the experimental evolution, the density contrast is sufficiently large for the assumption that each layer is well mixed to be valid. Therefore, we have calculated a non-dimensional salinity contrast ŝ(t), defined as
In figure 3(b) , we illustrate how ŝ(t) evolves with (non-dimensional) time,t, for the experiment shown in figure 3(a) . It is seen that the rate of decrease of salinity is essentially constant until the last stages of the experiment, when the assumption of two, essentially well-mixed layers separated by a sharp interface starts to break down. We have conducted a large number of experiments, systematically changing the rotation rate of the tank and the initial salinity and hence density contrast. We find that in all cases, the main phase of mixing has the generic form illustrated in figures 3(a) and 3(b), with a nearly constant salinity flux, independent of the salinity contrast between the layers. The sharp two-layer stratification only breaks down when the density contrast has fallen to very small values. By compiling all the data for the main phase of mixing when the salinity flux appears to be constant, we find that the dimensional rate of change of the salinity difference (averaged over the main mixing phase of the evolution of the experiment) or equivalently the density difference between the layers is proportional to the cube of the rotation rate, as shown in figure 3(c) , and is independent of the value of the salinity difference across the interface. Indeed, the time rate of change is effectively constant throughout an experiment, as is clear from figure 3(b) . The straight line on figure 3(c) corresponds to the relation that d dt
3) using ρ as defined in (1.1). Note that in this relation, the factor 10 −6 has dimensions of seconds squared for consistency.
This empirical result can be expressed in a form consistent with (1.3) and (1.6). As shown below, from direct PIV measurements, it is reasonable to expect that u rms , the root-mean-square velocity fluctuations, scale with the rotation rate, Ω, and from (1.2), ρ/ρ 0 = β S. Therefore, (2.3) is equivalent to
where λ(A) is a constant in our experiments, although in general it may depend on the aspect ratio of the tank. Note that the inverse dependence of the non-dimensional quantity F Ri,A on Richardson number arises because the salinity flux appears to be independent of the instantaneous salinity difference between the two layers.
Turbulent velocity-field measurements
In order to determine the constant λ(A) for our experiments in the flux law (2.4), we combine (1.5) with new PIV measurements of the velocity field in the tank using a range of rotation rates corresponding to the values given above, in order to estimate Ri quantitatively, and hence F s and F Ri,A . The motion was measured on a series of horizontal planes, each illuminated with a light sheet and located 2.5, 5.0, 7.5 and 10 cm above the interface between the two layers of fluid. Although there was some variation (of the order of 10 %) the data shown on figure 4 (for h = 10 cm) is generic.
As shown in figure 4(a), which plots the time-averaged radial profile of angular momentum, U θ r (angle brackets denoting averaging with respect to time over a large number of rotation periods), the time-averaged azimuthal velocity field U θ has an approximately irrotational interior core with constant angular momentum, while there are narrow boundary layers, approximately 1 cm in width, adjacent to the inner and outer cylinders.
By measuring the angular momentum for a range of experiments with different rotation rates, we find that there is a weak dependence of the angular momentum on the rotation rate (and hence the Reynolds number of the flow) owing to the viscous boundary layers on the tank walls. For the present range of rotation rates, this is a secondary and relatively small effect for all except the experiment with the smallest Reynolds number Re ∼ 10 4 , with the time-averaged mean angular momentum, U θ r , having the value 
Interpretation and conclusions
Our quantitative measurements show that for large Ri, the salinity and hence buoyancy flux is independent of the density contrast between the layers, but is a strong function of the magnitude of the velocity field driving the mixing. The observations show that each layer remains well mixed to a good approximation, with a sharp interface, as the density difference decreases. The horizontal velocity field continually acts to sharpen the interface between the two layers, enhancing the local transport across the interface (c.f. Guyez et al. 2007 ). The experimental observation that F Ri,A = λ(A)Ri −1 for this high-Reynolds-number flow is consistent with the hypothesis that molecular transport processes do not limit the buoyancy flux across the interface. This transport mechanism, and especially the observation of well-mixed layers above and below the interface, is quite different from the conventional picture of turbulent diffusion or dispersion, in which the interface progressively thickens with time, as parcels of fluid are lifted across the interface and engulf fluid from the other layer; this is illustrated, for example, in salinity profiles reported by Whitehead & Stevenson (2007) in the case of a horizontal-stirred rod and Zellouf et al. (2005) for grid-generated mixing. The law may be interpreted by noting that there is a mixing length scale given by balancing the kinetic energy of the flow and the buoyancy jump across the interface, l ∼ u 2 rms /g . Combining this with the eddy turnover time τ ∼ (L/u rms ) , with L being the characteristic length scale of the eddies, defined as H φ(H/∆ R ), and φ being some function of the aspect ratio A = H/∆ R , we obtain an effective transport velocity u t = l/τ with associated salinity flux In conclusion, our non-invasive mixing experiments have shown that with a highReynolds-number (10 4 < Re < 10 5 ) and high-Richardson-number (7 < Ri < 200) flow in a two-layer stratified system, the salinity flux between the layers follows a law of
